INTRODUCTION
============

Continuous exposure of the skin to ultraviolet (UV) radiation causes topical skin damages and leads to inflammatory responses, resulting in premature skin aging, defined as "photoaging", which is characterized by wrinkling, laxity, dryness, roughness, and pigmentation ([@b13-molce-42-2-151]; [@b31-molce-42-2-151]). Previous studies showed that unlike chronological aging, which is an intrinsic process, photoaging of the skin is an extrinsic process attributable to the damage of the skin cells' DNA by reactive oxygen species (ROS) such as superoxide and hydrogen peroxide, prolonged inflammation due to the production of inflammatory cytokines such as IL-1, IL-6, and TNF-α from keratinocytes and fibroblasts, and the constant degradation of structural proteins such as collagen, gelatin, and elastin by high levels of secreted matrix metalloproteases (MMPs) ([@b10-molce-42-2-151]; [@b18-molce-42-2-151]; [@b20-molce-42-2-151]; [@b31-molce-42-2-151]). Thus, UV radiation is a harmful environmental factor affecting the internal structure and composition of the skin.

Studies show that repetitive irradiation with UVB activates the transcription factor AP-1 and NF-κB and thereby markedly upregulates the expression and release of proinflammatory cytokines in human epidermal keratinocytes and dermal fibroblasts ([@b2-molce-42-2-151]; [@b3-molce-42-2-151]; [@b35-molce-42-2-151]; [@b36-molce-42-2-151]; [@b37-molce-42-2-151]). However, the molecular mechanism underlying the upregulation of TNF-α at the UV-irradiated regions still remains to be elucidated. TNF-α is associated with several inflammatory responses in the skin. The secreted TNF-α stimulates endothelial cells to recruit circulating immune cells, which secrete MMPs, and subsequently induces degradation of collagen fibers, resulting in localized skin damage ([@b3-molce-42-2-151]; [@b21-molce-42-2-151]; [@b32-molce-42-2-151]). TNF-α stimulates the signal transduction pathway involved in NF-κB activation, leading to a vicious cycle that amplifies NF-κB activity ([@b30-molce-42-2-151]; [@b40-molce-42-2-151]; [@b39-molce-42-2-151]). NF-κB activation induced by TNF-α is obviously required for MMP-9 expression in human dermal fibroblasts and pro-MMP-2 activation via induction of MT1-MMP in human skin ([@b7-molce-42-2-151]; [@b23-molce-42-2-151]; [@b45-molce-42-2-151]). In addition, over-expression of MMP-1 and MMP-13 was observed following NF-κB activation in fibroblast-like synoviocytes ([@b38-molce-42-2-151]). NF-κB activation is also required for the upregulation of MMP-1 and MMP-3 in fibroblasts ([@b40-molce-42-2-151]). Therefore, skin photoaging may be prevented by suppressing MMP expression via inactivation of NF-κB.

Epidermally-released TNF-α binds to its specific receptor TNFR1, which is predominantly expressed in the skin tissue. Subsequently, it recruits TRADD, followed by receptor-interacting protein 1 (RIP1) and TRAF2 proteins, key mediators in TNFR1-mediated signaling ([@b44-molce-42-2-151]). TRAF2 is a ubiquitously expressed member of the TRAF family of cytoplasmic adapter and scaffolding proteins that can undergo homo- or hetero-oligomerization with other TRAF members, TRAF1, TRAF5, and TRAF6 ([@b15-molce-42-2-151]; [@b16-molce-42-2-151]; [@b27-molce-42-2-151]; [@b34-molce-42-2-151]). TRAF2 directly binds to the cytoplasmic domain of CD27, CD30, CD40, and TNFR2 via a C-terminal part of its TRAF domain ([@b19-molce-42-2-151]; [@b25-molce-42-2-151]; [@b34-molce-42-2-151]). Previous studies showed that TRAF2 also engages in TNFR1 signaling by binding to TRADD via its C-terminal TRAF domain and activates downstream IKK/NF-κB and MAPK signaling pathways that contributes to multiple inflammatory responses ([@b41-molce-42-2-151]; [@b44-molce-42-2-151]). The specific motif SKEE in a C-terminal domain of TNFR2 acts as a binding site for TRAF1/TRAF2 ([@b16-molce-42-2-151]; [@b43-molce-42-2-151]). Therefore, we reasoned that TNFR2-derived peptides which specifically bind to a conserved C-terminal TRAF domain of TRAF2 can function as competitive inhibitors of TNFR1- as well as TNFR2-mediated signaling pathways.

We herein determined the effects of TNFR2-SKE, a representative TNFR2-derived tripeptide, on the interaction of TRAF2 with TNFR1 or TNFR2, TNFR1-mediated signaling pathway, and UVB-induced skin aging. Our results show that TNFR2-SKE may function as a powerful antagonist for UV-induced TNFR1 signaling by blocking the interaction of TRAF2 with TNFR1 and thereby protecting the skin from UV-induced damage.

MATERIALS AND METHODS
=====================

Cell culture
------------

HaCaT human keratinocyte and NIH3T3 mouse fibroblast were obtained from the American Type Culture Collection (ATCC) and cultured in complete Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS), 100 unit/ml penicillin, and 100 μg/ml streptomycin (all from Gibco-BRL, USA). Human monocytic cell lines, U937 and THP-1, were obtained from ATCC and cultured in complete Roswell Park Memorial Institute (RPMI) 1640 (10% FBS, 100 unit/ml penicillin, and 100 μg/ml streptomycin). HDFa (human dermal fibroblast, adult) was purchased from the Life Technologies and cultured in medium106 supplemented with low serum growth supplement kit (LSGS) (ThermoFisher Scientific, USA). All cells were maintained at 37°C in a humidified 5% CO~2~ incubator.

Chemical synthesis of TNFR2-derived peptides
--------------------------------------------

Based on the amino acid sequences in the TRAF2-binding site of TNFR2, TNFR antagonistic peptides and amino acid substitution variant were synthesized using an automatic peptide synthesizer (PeptrEX-R48, Peptron, Korea) according to the manufacturer's recommended protocol. Purification and analysis of the synthesized polypeptides were performed using reverse-phase high-performance liquid chromatography (Prominence LC-20AB, Japan) and mass spectrometry (HP1100 Series LC/MSD, Hewlett-Packard, USA).

UVB irradiation of cells
------------------------

Cells were seeded in 6-well plates at a concentration of 3 × 10^5^ cells per well in complete DMEM. The following day, the cells were serum-starved for 6 h in DMEM with 0.1% bovine serum albumin (BSA). The cells were irradiated with UVB (312 nm wavelength, 15 mJ/cm^2^) after rinsing with 1× phosphate-buffered saline (PBS). UVB irradiation was measured using a VLX-3W research radiometer (VILBER, France). After UVB irradiation, the cells were treated with each of the following reagents.

*In situ* proximity ligation assay (PLA)
----------------------------------------

Interactions between two molecules were determined using in situ PLA (Duolink^®^ In Situ reagents, O-LINK^®^ Bioscience, Sweden) as described previously ([@b28-molce-42-2-151]). Briefly, cells were plated onto round coverslips in 24-well cell culture plates and grown for 24 h in complete DMEM. The cells were serum-starved for 6 h in DMEM with 0.1% BSA, then pretreated with each reagent as indicated (TNFR2-SKE for 0.5 h, dexamethasone (DEX; Sigma, USA) for 3 h, or dehydroascorbic acid (DHA; Sigma, USA) for 1 h at 37°C in a 5% CO~2~ incubator). The cells were additionally stimulated with TNF-α (25 or 50 ng/ml), followed by washing twice with 1× PBS. Cells were fixed with 2% formaldehyde in PBS for 15 min at room temperature. All procedures for *in situ* PLA were performed according to the manufacturer's recommended protocol and protein-protein interactions were analyzed using a confocal laser-scanning microscope (Olympus FluoView FV1000, Olympus, Japan). We used antibodies against the following target proteins: TNFR1, TRAF2, NF-κB/p50 (Santa Cruz Biotechnology), and NF-κB/p65 (Cell Signaling Technology).

Western blotting
----------------

Cells were seeded in 35-mm dishes (5 × 10^5^ cells per dish). The next day, the cells were serum-starved for 6 h in DMEM with 0.1% BSA and pretreated with TNFR2-SKE, DHA, or TNF-α inhibitors as indicated (TNFR2-SKE and TNF-α inhibitor (Merck, Germany) for 0.5 h or with DHA for 1 h at 37°C in a 5% CO~2~ incubator), followed by additional treatment with TNF-α. The cells were lysed with 1% NP40 lysis buffer (1% Nonidet P40, 150 mM NaCl, 50 mM Tris-HCl (pH 8.0), and 5 mM EDTA) containing 1 mM sodium orthovanadate and protease inhibitor cocktail. Total cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the separated proteins were transferred to a polyvinylidene fluoride (PVDF) membrane. The PVDF membrane was subsequently incubated for 1 h at room temperature in blocking solution (3% bovine serum albumin in TBS containing 0.05% Tween 20). The target proteins were probed with antibodies against TNFR1, TRAF2, bFGF, MMP-1, COX-2, β-actin (Santa Cruz Biotechnology), TNFR2 (Invitrogen), MMP-9 (Merch Millipore), and IkB (Cell Signaling Technology). All antibodies were diluted 1:1000 in TBS buffer containing 0.05% Tween 20 and 0.5% BSA, and the membrane was incubated overnight at 4°C. The membrane was washed with TBS-T (0.05% Tween 20) buffer and incubated with an appropriate secondary antibody (horse radish peroxidase-conjugated anti-IgG). After washing the membrane, proteins were detected using West-Zol plus kit (iNtRON Biotechnology, Inc., Korea).

Nuclear and cytoplasmic protein fractionation
---------------------------------------------

NIH3T3 cells were pretreated with TNFR2-SKE 30 min before stimulating with mouse TNF-α as described above. In one set of experiments, the cells were irradiated with UVB 4 h before incubating with TNFR2-SKE. The cells were lysed with 150 μl of ice-cold cytoplasmic extract (CE) buffer \[0.3% Nonidet P40, 10 mM KCl, 10 mM HEPES (pH 7.9), and 0.1 mM EDTA\] containing 1 mM sodium orthovanadate and a protease inhibitor cocktail. The cell lysates were centrifuged for 5 min at 3,000 r.p.m. The supernatants were collected and used for cytoplasmic protein analysis. The nuclear pellets were washed twice with ice-cold CE buffer, then resuspended in 40 μl of ice-cold nuclear extract (NE) buffer \[400 mM NaCl, 20 mM HEPES (pH 7.9), 25% glycerol, and 1 mM EDTA\] containing 1 mM sodium orthovanadate and a protease inhibitor cocktail. Samples were centrifuged for 5 min at 14,000 r.p.m.; the supernatants collected were used for nuclear protein analysis. Cytoplasmic and nuclear fractions were subjected to SDS-PAGE followed by western blotting. The target proteins were probed with an NFkB p65 subunit antibody (Cell Signaling Technology). Pol II (Santa Cruz Biotechnology) and β-tubulin (Cell Signaling Technology) were used as loading controls for nuclear and cytoplasmic extracts, respectively.

Chromatin immunoprecipitation assay
-----------------------------------

Chromosome immunoprecipitation (ChIP) assay was performed to analyze the binding of NF-κB to the promoter of human *MMP-9*. Cells were pretreated with TNFR2-SKE or DHA as described above, followed by TNF-α treatment. In one set of experiments, the cells were irradiated with UVB 4 h before incubating with DEX, DHA, or TNFR2-SKE. Fresh formaldehyde (3.7%) was added to the cells (1 × 10^7^ cells per precipitation) at a final concentration of 1%. Cells were incubated on a shaking platform for 10 min at room temperature, and crosslinking was quenched by adding of 1.375 M glycine to a final concentration of 0.125 M. After washing twice with 1× PBS, the cells were harvested in cell lysis buffer containing 1× protease inhibitor cocktail. Nuclei were pelleted by centrifugation at 2,500 × *g* for 5 min at 4°C. The nuclei were resuspended in nuclear lysis buffer plus 1× protease inhibitor cocktail and sonicated with the ultrasonic probe while keeping samples on ice to shear the crosslinked DNA to an average length of 200--1000 bp, following which the samples were centrifuged. Thirty microliters of each treatment were stored as total input control. The soluble chromatin was precleared by incubating with sheared salmon sperm DNA-BSA-protein A agarose slurry on a rotating platform for 15 min at 4°C. The precleared chromatin solution was diluted 3-fold using dilution buffer with 1× protease inhibitor cocktail, and then incubated with protein A/G agarose (Santa Cruz Biotechnology) and antibodies specific for NF-κB/p65 or nonspecific rabbit immunoglobulin G (rabbit IgG) on a rotating platform overnight at 4°C. The immunoprecipitated complex-agarose beads were pelleted by centrifugation 14,000 rpm for 5 min at 4°C and washed with 1× dialysis buffer (2 mM EDTA, 50 mM Tris-Cl, pH 8.0, 0.2% Sarkosyl) containing 1× protease inhibitor cocktail and then eluted with elution buffer (1% SDS, 50 mM NaHCO~3~). To reverse the crosslinking, 4 μl of 5 M NaCl was added to each sample and the samples were incubated at 67°C for 4 h or boiled for 15 min. One microliter of 10 mg/ml RNase A was added to each sample, followed by incubation at 37°C for 30 min. The precipitated DNA was purified via phenol-chloroform extraction. PCR amplification was performed with primer pair 5′-TGTCCCTTTACTGCCCTGA-3′ (forward) and 5′-ACTCCAGG CTCTGTCCTCCTCTT-3′ (reverse), which were specifically designed on the *MMP-9* promoter region (−657 to −484) ([@b4-molce-42-2-151]). The PCR products were analyzed using agarose gel electrophoresis and visualized using ethidium bromide (EtBr).

Mouse model for the UVB-irradiated skin
---------------------------------------

Six-week-old male DBA/2 mice were obtained from Dooyeol Biotech (Seoul, Korea). All mice were randomly assigned to three groups of five animals each (UVB irradiation + TNFR2-SKE treatment, UVB-alone treatment, and no treatment). For the groups of UVB + TNFR2-SKE and UVB-alone treatments, the heads of mice were locally exposed to UVB at a dose of 180 mJ/cm^2^ (312 nm) of UVB irradiation using a VLX-3W research radiometer every other day for 12 days. For the TNFR2-SKE treatment group, 10 mg/kg of TNFR2-SKE was administered intraperitoneally (i.p.) every day during the period of UVB irradiation. The same volume of saline was injected i.p. to UVB-alone and no treatment groups. The ears were excised from all subjects after 12 days. Ear specimens of each animal was paraffin-embedded for the immunohistochemical determination of skin thickness using hematoxylin and eosin (H & E) staining. Neutrophil accumulation was analyzed after staining with antibody against the neutrophil marker, NIMP-R14 (Santa Cruz Biotechnology).

Another ear sample was stored at -80°C for staining melanocytes. For quantitative measurement of a number of melanocytes, cells were stained with L-3,4-dihydroxyphenylalanine (L-DOPA) solution. For visualization of melanocytes existing in the dorsal skin of mice, the skin tissues were immersed in 2 M sodium bromide (NaBr; Sigma, USA) solution at 37°C for 2 h and the epidermis was removed from the dermis. Melanocytes in the epidermal layer were stained by immersing in 0.1 M PBS (pH 7.2) containing 0.14% L-DOPA (Sigma, USA) at room temperature for 3 h, and the stained cells were observed using a microscope (Olympus BX51, Olympus). The thickness of the epidermis, and the number of melanocytes and neutrophils were measured using the NIS-element software.

Statistical analysis
--------------------

Data are expressed as the average of the mean values obtained ± the standard deviation (SD). Statistical significance was determined using the Student's *t-*test with the statistical software Prism (version 4.0; GraphPad, San Diego, CA), and *P* \< 0.05 was considered statistically significant. All experiments were conducted twice or more to obtain reproducible results. Representative data are shown in the figures.

RESULTS
=======

TNFR2-derived peptides interrupt the interaction between TRAF2 and TNFR2
------------------------------------------------------------------------

Based on the homologous amino acid sequences of the functional C-terminal TRAF2-binding site of TNFR2, we prepared synthetic oligopeptides derived from amino acid residues 424 through 427 and the amino acid substitution variant peptide ([Fig. 1A](#f1-molce-42-2-151){ref-type="fig"}). To investigate the antagonistic effect of the synthetic peptides on TNF-α-induced activation of TNFR2 signaling, we performed *in situ* PLA and analyzed the physical proximity between TNFR2 and TRAF2 in human monocytic cell line U937. TNFR2-SKEE and TNFR2-SKE significantly inhibited TNF-α-induced interaction of TNFR2 with TRAF2, which was comparable to the efficiency of the TNF-α specific inhibitor ([Fig. 1B](#f1-molce-42-2-151){ref-type="fig"}). In contrast, TNFR2var1-IKE, in which the serine residue was substituted by isoleucine, did not affect the TNFR2-TRAF2 interaction. In particular, TNFR2-SKE, a representative trimeric peptide, dose-dependently inhibited the TNF-α-induced interaction of TNFR2 with TRAF2 ([Fig. 1C](#f1-molce-42-2-151){ref-type="fig"}). Next, we confirmed the expression levels of TNFR1, TNFR2, and TRAF2 in monocytes (U937 and THP-1), keratinocyte (HaCaT), and fibroblasts (human dermal fibroblast, and NIH3T3). TNFR1 and TRAF2 were abundantly expressed in all five cell lines, whereas TNFR2 was expressed in only human monocytic cells ([Fig. 1D](#f1-molce-42-2-151){ref-type="fig"}). Expression of these receptors and adaptor proteins was not affected by treatment with TNF-α and TNFR2-SKE. These results suggest that this synthetic peptide acts as an effective competitive antagonist for the binding of TRAF2 to TNFR2.

TNFR2-SKE interrupts the interaction of TNFR1 with TRAF2, followed by the suppression of TNF-α or UVB-induced NF-κB activation, and subsequent downstream target gene expression
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To test our hypothesis that the TNFR2-derived peptide TNFR2-SKE can inhibit the interaction of TRAF2 with TNFR1 and TNFR2 by binding to a conserved C-terminal TRAF domain of TRAF2, we examined whether TNFR2-SKE can affect TNFR1-mediated signaling in mouse fibroblasts induced by TNF-α treatment. Interestingly, TNFR2-SKE interfered with the TNF-α-induced interaction between TNFR1 and TRAF2 in a dose-dependent manner ([Fig. 2A](#f2-molce-42-2-151){ref-type="fig"}). In addition, TNFR2-SKE significantly inhibited the UVB-induced interaction of TRAF2 with TNFR1 ([Fig. 2B](#f2-molce-42-2-151){ref-type="fig"}). These results suggest that this synthetic peptide derived from TNFR2 acts as an efficient inhibitor of TNFR1-mediated signaling. Next, we investigated the effect of TNFR2-SKE on the IKK/NF-κB signaling pathway using western blotting and *in situ* PLA assay in TNF-α-stimulated mouse fibroblasts. TNFR2-SKE treatment dose-dependently prevented IκB degradation induced by TNF-α, but not IL-1β ([Fig. 3A](#f3-molce-42-2-151){ref-type="fig"}). The TNF-α inhibitor conferred protection only against TNF-α-mediated degradation of IκB, whereas DHA provided protection against IκB degradation in response to both cytokines. In addition, TNFR2-SKE exerted a powerful inhibitory effect on NF-κB translocalization from the cytoplasm to the nucleus, which was promoted by TNF-α ([Fig. 3C](#f3-molce-42-2-151){ref-type="fig"}). UVB-induced reactive oxygen intermediates activate NF-κB to produce proinflammatory cytokines, resulting in activation and amplification of the IKK/NF-κB signaling pathway ([@b36-molce-42-2-151]; [@b42-molce-42-2-151]). We performed *in situ* PLA to determine whether TNFR2-SKE suppresses UVB-induced NF-κB activation. Consistent with previous results, TNFR2-SKE also suppressed the nuclear translocalization of NF-κB in a dose-dependent manner ([Fig. 3D](#f3-molce-42-2-151){ref-type="fig"}). Dexamethasone was used as a well-known anti-inflammatory agent. Furthermore, the inhibitory effect of TNFR2-SKE on TNF-α- or UVB-induced localization of NF-κB p65 subunit was supported by cytosol/nuclear fractionation experiment ([Fig. 3B](#f3-molce-42-2-151){ref-type="fig"}). Taken together, these results indicate that TNFR2-SKE specifically inhibited TNF-α-induced TNFR1-mediated signaling and subsequent activation of IKK/NF-κB signaling pathway in mouse fibroblasts.

NF-κB plays an important role in transcriptional regulation of various genes that are involved in cell growth, survival, proliferation, apoptosis, adhesion, migration, carcinogenesis, and inflammation ([@b17-molce-42-2-151]; [@b1-molce-42-2-151]). TNF-α-induced activation of NF-κB in fibroblasts and keratinocytes is essential for enhancing the expression of downstream target genes via binding to promoter regions. The results of ChIP analysis showed that TNF-α and UVB radiation induced the binding of NF-κB to the *MMP-9* promoter ([Fig. 4A](#f4-molce-42-2-151){ref-type="fig"}). In contrast, the level of promoter-bound NF-κB was reduced by treatment with TNFR2-SKE. In agreement with this, TNFR2-SKE treatment downregulated TNF-α-induced MMP-1 and -9 expressions in a dose-dependent manner ([Fig. 4B](#f4-molce-42-2-151){ref-type="fig"}). In addition to the inhibition of MMP expression, TNFR2-SKE suppressed the expressions of bFGF and COX2, which were promoted by TNF-α treatment ([Fig. 4C](#f4-molce-42-2-151){ref-type="fig"}). In contrast, TNFR2-SKE restored procollagen expression, which was reduced by TNF-α treatment, suggesting that TNFR2-SKE can prevent cutaneous alterations via downregulation of inflammation mediators and upregulation of major structural proteins.

Effects of TNFR2-SKE on epidermal hyperplasia, melanocyte proliferation, and immune cell infiltration
-----------------------------------------------------------------------------------------------------

Previous studies showed that UVB irradiation induces the expression of bFGF, followed by hyperproliferation of keratinocytes and fibroblasts ([@b5-molce-42-2-151]; [@b6-molce-42-2-151]; [@b26-molce-42-2-151]; [@b40-molce-42-2-151]). As our antagonistic peptide inhibited TNF-α-induced bFGF production by human keratinocytes ([Fig. 4C](#f4-molce-42-2-151){ref-type="fig"}), we assessed the effects of TNFR2-SKE on epidermal hyperplasia in the skin of UVB-irradiated mice. [Figure 5A](#f5-molce-42-2-151){ref-type="fig"} shows that compared to normal skin, UVB increased the thickness of epidermis by 6.2-fold. In contrast, treatment with TNFR2-SKE markedly decreased the epidermal thickness by 2.0-fold. After UVB radiation, the infiltration of neutrophils into the dermis increased by approximately 10-fold compared to the control untreated skin, whereas it was suppressed by TNFR2-SKE treatment to 3-fold ([Fig. 5B](#f5-molce-42-2-151){ref-type="fig"}). Finally, we determined the effects of TNFR2-SKE on melanocyte proliferation using immunohistochemical L-DOPA staining. UVB increased melanocyte proliferation by 6.7-fold compared to the control untreated skin ([Fig. 5C](#f5-molce-42-2-151){ref-type="fig"}). Treatment with TNFR2-SKE significantly reduced melanocyte proliferation to 2.4-fold compared to the control. These results suggest that TNFR2-SKE may ameliorate the UVB-mediated skin damage via regulation of keratinocyte and melanocyte proliferation and inflammatory responses.

DISCUSSION
==========

In this study, we showed that TNFR2-SKE strongly inhibited the interaction of TNFR1 as well as TNFR2 with TRAF2. TNFR2-SKE suppressed UVB or TNF-α-induced nuclear translocalization of activated NF-κB in mouse fibroblasts. It suppressed the TNF-α-induced upregulation of bFGF, MMPs, and COX2 expression, whereas it increased procollagen production, which was reduced by TNF-α. Furthermore, it inhibited the UVB-induced proliferation of keratinocytes and melanocytes in mouse skin and the infiltration of immune cells into inflamed tissues. Collectively, these results suggest that TNFR2-SKE may be clinically potent at alleviating photoaging in UV-radiated human skin.

TRAF2 appears to be the target molecule for blocking TNFR-mediated signaling as TRAF2 acts as a common signal transducer for TNFR1, TNFR2, CD30, and CD40, involved in the activation of NF-κB and various intracellular kinases ([@b12-molce-42-2-151]; [@b14-molce-42-2-151]). TRAF2 directly binds to various cell surface receptors, including those of the TNFR family and cytoplasmic adapters via a highly conserved carboxyl-terminal domain, named the TRAF domain ([@b34-molce-42-2-151]; [@b24-molce-42-2-151]). It is well-known that the 37 amino acids in the C-terminal homology domain of TNFR2 contribute to binding to TRAF1/TRAF2. Several different TRAF2-binding consensus sequences were identified, namely, the ϕSxEE (ϕ = large hydrophobe, x = any amino acid) sequence in TNFR2 and CD30, the PxQx(T/S/D) motif in LMP1, CD27, CD30, and CD40, and the QEE motif in 4-1BB and Ox40 ([@b11-molce-42-2-151]; [@b16-molce-42-2-151]; [@b33-molce-42-2-151]; [@b43-molce-42-2-151]). In contrast, TRAF2 indirectly binds to TNFR1 via the TRADD adaptor protein. TNFR1 and TRADD possess the SXXE/D motifs in their death domain necessary for the formation of stable TNFR1 and TRADD complex and subsequent activation of the IKK/NF-κB pathway ([@b22-molce-42-2-151]). In addition, TRAF2 also binds to TRADD via its C-terminal TRAF domain, similar to its binding to TNFR2. Therefore, we hypothesized that TRAF2 regulates TNFR1- as well as TNFR2-mediated signaling via the same C-terminal region of its own TRAF domain. This suggests that TNFR2-SKE acts as a competitive inhibitor of TNFR signaling pathways by blocking the common interacting site of TRAF2. The trimeric peptide was derived from amino acid residues 424 through 426 in a highly conserved TRAF2-binding region of TNFR2. Additionally, the amino acid substitution variant peptide was prepared as a negative control by substituting isoleucine for serine at position 424, since the consensus sequence (P/S/A/T)x(Q/E)E has been identified as the major TRAF-binding motif. Remarkably, TNFR2-SKE efficiently inhibited TNF-α-induced interaction of TRAF2 with TNFR1 as well as TNFR2, whereas the variant peptide did not affect the TNFR2-TRAF2 interaction, suggesting that the trimeric peptide effectively prevented the binding of TRAF2 to TNF receptors and that serine 424 may be an important residue in the interaction of TRAF2 with TNFR2.

This antagonistic tripeptide also inhibited the TNF-α- or UVB-induced activation of IKK/NF-κB signaling by blocking degradation of IκB and the binding of NF-κB to the promoter of the target gene, which reduced the expression of MMPs, bFGF, and even COX2. In contrast, collagen production recovered completely to the level of the control. The TNF receptor is one of the main transmembrane proteins, which is activated by exposure to UVB radiation. TNF-α-induced TNFR1 activation induces the recruitment of TNFR-associated death-domain protein (TRADD), which functions as an adapter molecule, and subsequently recruits receptor-interacting protein-1 (RIP1) and TRAF2 to form a multiprotein complex that directly activates the downstream IKK/NF-κB signaling. Several previous studies have shown that NF-κB plays critical roles in TNF-α-induced inflammatory diseases, suggesting that NF-κB may act as the direct target of anti-inflammatory drugs. Therefore, blocking TNFR1 signal transduction using specific antagonists may be a promising strategy for overcoming TNF-α-mediated skin photoaging, which is induced by UVB irradiation.

Recent studies have shown that TNFR1 is ubiquitously expressed in almost all cell types, whereas the expression of TNFR2 is much more limited in specific cell types including specific neuronal cells in the brain, certain T-cell subpopulations, endothelial cells, cardiac myocytes, thymocytes, and mesenchymal stem cells ([@b8-molce-42-2-151]; [@b29-molce-42-2-151]; [@b44-molce-42-2-151]). Especially, TNFR1 acts as a major mediator of TNF-α-induced signaling pathway and plays a critical role in the UVB-induced photoaging process in skin. In our *in vitro* experiments, it is shown that TNFR2-SKEE and TNFR2-SKE have an equal inhibitory effect on the TRAF2-binding to the cytoplasmic motif of TNFR2. Because skin absorption efficiency of a peptide is a critical factor for *in vivo* activity, we chose the smaller trimeric peptide TNFR2-SKE with a molecular weight less than 500 Daltons, which could allow efficient penetration through the skin ([@b9-molce-42-2-151]). Surprisingly, TNFR2-SKE effectively restored the typical characteristics of UVB-damaged skin to normal conditions. In addition, the peptide sufficiently inhibited infiltration of immune cells into the inflamed skin tissue. These results suggest that TNFR2-SKE can efficiently penetrate skin layers and cell membranes and that TNFR2-SKE-mediated inactivation of TNFR1 signaling elicits anti-aging benefits in photoaged skin.

In conclusion, this study demonstrates that TNFR2-SKE can suppress TNF-α-induced activation of the IKK/NF-κB signaling pathway and subsequent inflammatory responses by interfering with the direct binding of TRAF2 to TNFR1, suggesting that it may function as a novel anti-photoaging agent for maintaining skin health.
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![TNFR2-SKE inhibits TNFR signaling by interfering with the interaction of TRAF2 with TNFR2\
(A) Scheme of development of novel TNFR2 synthetic peptides. S, signal sequence; PLBS, polypeptide ligand binding site; HI, homodimer interface. (B and C) U937 cells were incubated for 30 min with various TNFR2-peptides (TNFR2-SKEE and TNFR2-SKE) and variant (TNFR2var1-IKE) or various concentrations of TNFR2-SKE, followed by treatment with 50 ng/ml human TNF-α for 10 min in the presence or absence of each peptide. The interaction between TNFR2 and TRAF2 was analyzed using *in situ* PLA. The graph indicated the intensity of interaction between molecules mentioned above. PLA signals in the cell population (n = 5) were quantified using the NIS Elements analysis. The average number of rolling-circle products (RCPs) per cell ± SD is shown. \*\*\**p* \< 0.001. Nuclei were stained with DAPI (blue fluorescence). Magnification, ×600; scale bars = 10 μm. (D) Three different cells (NIH3T3 mouse fibroblasts, HaCaT human keratinocytes, and human dermal fibroblasts) were seeded in 35-mm dishes and two different monocytic cells (U937 and THP-1) were maintained in culture dishes. After serum starvation for 6 h, the cells were treated with TNFR2-SKE (100 μM), human TNF-α (25 or 50 ng/ml), or mouse TNF-α (25 ng/ml) for 15 min as described in Materials and Methods. Whole cell lysates were subjected to SDS-PAGE and analyzed using western blotting with the indicated antibodies. Band intensity was quantified using ImageJ software.](molce-42-2-151f1){#f1-molce-42-2-151}

![TNFR2-SKE interferes with the TNF-α-induced interactions of TRAF2 with TNFR1 as well as TNFR2\
(A) NIH3T3 cells were incubated for 30 min with various concentrations of TNFR2-SKE, and then treated with 25 ng/ml mouse TNF-α for 10 min in the presence of TNFR2-SKE. (B) Cells were irradiated with UVB (312 nm wavelength, 15 mJ/cm^2^), followed by treatment with TNFR2-SKE for 4 h. The interaction between TNFR1 and TRAF2 was analyzed using *in situ* PLA. The graph indicated the intensity of interaction between molecules mentioned above. PLA signals in the cell population (n = 5) were quantified using NIS Elements analysis. The average number of rolling-circle products (RCPs) per cell ± SD is shown. \*\**p* \< 0.01, \*\*\*\**p* \< 0.0001. Nuclei were stained with DAPI (blue fluorescence). Magnification, ×600; scale bars = 10 μm.](molce-42-2-151f2){#f2-molce-42-2-151}

![Inhibitory effect of TNFR2-SKE on NF-κB activation induced by TNF-α or UVB irradiation in mouse fibroblasts\
(A) NIH3T3 cells were seeded in 35-mm dishes. After serum starvation for 6 h, the cells were treated with 25 ng/ml human or mouse TNF-α and IL-1β, or 100 μM of TNFR2-SKE for 15 min as described in the Materials and Methods. DHA (1 mM) and TNF-α inhibitor (5 μM) were used as positive controls. Cell lysates were subjected to SDS-PAGE and IκB degradation was analyzed using western blotting. (B) Cell extracts were fractionated into nuclear and cytoplasmic fractions. Each fraction was analyzed for the localization of NF-κB/p65 using western blotting. Purity of each fraction was proven by co-analyzing β-tubulin (cytoplasmic) and RNA polymerase II (nuclear). Band intensity was quantified using ImageJ software. (C) Cells were pretreated with 1 mM of DHA for 1 h or with TNFR2-SKE for 0.5 h dose-dependently, and then treated with 25 ng/ml mouse TNF-α for additional 1 h. (D) Cells were irradiated with UVB (312 nm wavelength, 15 mJ/cm^2^), followed by treatment with TNFR2-SKE or DEX (10 μM) for 4 h. (C and D) *In situ* PLA was performed to analyze the interaction between NF-κB/p65 and NF-κB/p50. PLA signals in the cell population (n = 5) were quantified using the NIS Elements analysis. The average number of rolling-circle products (RCPs) per cell ± SD is shown. \*\*\**p* \< 0.001.](molce-42-2-151f3){#f3-molce-42-2-151}

![TNFR2-SKE suppresses the expression of inflammation-related proteins by interfering with transcriptional activity of NF-κB\
(A) In one set of experiments, NIH3T3 cells were pretreated with TNFR2-SKE or DHA as described in Materials and Methods, followed by treatment with 25 ng/ml mouse TNF-α for 1 h. In another set of experiments, cells were treated with 10 μM of DEX, 1 mM of DHA, or various concentrations of TNFR2-SKE for 4 h after UVB irradiation (312 nm wavelength, 15 mJ/cm^2^). ChIP assay was performed using anti-NF-κB/p65 antibody to confirm NF-κB binding on the promoter region (−657 to −484) of *MMP-9*. (B and C) Each cell type was treated with 1 mM of DHA or various concentrations of TNFR2-SKE, and then additionally with 25 ng/ml of human or mouse TNF-α for 24 h. The cell lysates were subjected to SDS-PAGE, and then analyzed using western blotting with the antibodies indicated. Band intensity was quantified using ImageJ software.](molce-42-2-151f4){#f4-molce-42-2-151}

![Effects of TNFR2-SKE on epidermal hyperproliferation, melanocyte growth, and neutrophil infiltration in UVB-irradiated mouse skin\
The TNFR1 antagonist TNFR2-SKE (10 mg/kg) or same volume of phosphate buffered saline (PBS control) was administered to DBA/2 mice (n = 5 for each group) by i.p. injections for every 12 days. Mice in the UVB + TNFR2-SKE and UVB alone groups were exposed to UVB irradiation at 180 mJ/cm^2^ (312 nm) every other day. Ear samples were prepared from the anesthetized mice. (A and B) One of the ear specimens of each animal was paraffin-embedded and cut with a sliding microtome to 5-μm thickness. Tissue sections were subjected to H & E staining and immunohistochemical examination. (A) UVB-induced epidermal hyperproliferation was analyzed using NIS-element software. Arrows indicate the width of the epidermis. Data show mean ± SD (n = 5). Statistical significance between treatment groups is shown by asterisks as follows: \**p* \< 0.05. Representative images are shown at ×100 magnification, scale bar: 20 μm. (B) Immunohistochemical staining for infiltrated neutrophils with monoclonal antibody against the neutrophil marker, NIMP-R14. The number of infiltrated neutrophils was analyzed using the NIS-element software. Data shown are the mean ± SD (n = 5). \**p* \< 0.05. Magnification, ×400; scale bars = 40 μm. (C) Another ear specimen was soaked in 2 N NaBr solution for exfoliating the epidermis and immersed in 0.14% L-DOPA solution for 3 h at room temperature. The number of melanocytes was analyzed using the NIS-element software. Data show mean ± SD (n = 5). \*\**p* \< 0.01. Magnification, ×1000; scale bars = 80 μm.](molce-42-2-151f5){#f5-molce-42-2-151}
